We present a solution to the gravitino problem, which arises in the NMSSM, allowing for sparticle spectra from ordinary gravity-mediated supersymmetry breaking with weak-scale gravitino dark matter. The coupling, which links the singlet to the MSSM sector, enhances the tree-level Higgs mass, providing an attractive explanation why the observed Higgs boson is so heavy. The same coupling induces very efficient pair-annihilation processes of the neutralino NLSP. Its relic abundance can be sufficiently suppressed to satisfy the strong constraints on late decaying relics from primordial nucleosynthesis -even for very long neutralino lifetimes. The striking prediction of this scenario is the detection of a pseudoscalar Higgs boson in the search for top-top resonances at LHC-14, rendering it completely testable.
Introduction 2 Cosmological constraints on late-decaying neutralinos
In this section we compile and elaborate on cosmological constraints applying to the neutralino NLSP. Depending on the neutralino lifetime these will either arise from the requirement of successful BBN or observations of the cosmic microwave background (CMB). We will focus on the case where both particles, NLSP and LSP, have masses around the weak scale, m = O(100 GeV), as it is expected from gravity-mediated SUSY breaking. Nevertheless, our constraints can be translated to other scenarios and decaying particles.
CMB and BBN constraints
As long as Z-bosons in the final state are kinematically inaccessible, the lightest neutralino almost always decays into gravitino and photon 1 . The corresponding decay rate reads [14] Γ χ ( χ 1 
where |N γ | 2 and m χ denote the photino fraction and the mass of the lightest neutralino, respectively. In case m χ − m 3/2 m χ , the decay rate can be approximated as
The decay is suppressed by the Planck mass M P , which makes the neutralino NLSP extremely long-lived with typical lifetimes τ = Γ −1 χ = 10 7 − 10 12 s. We now turn to the cosmological bounds on the emission of energetic photons, where we concentrate on this time window. The constraints depend on the overall amount of electromagnetic energy injected into the plasma, more specifically on the product Ω χ h 2 × ∆ em . Here Ω χ h 2 denotes the relic density of the neutralino in units of today's critical energy density, if it had not decayed. We call this quantity the freeze-out density in the following. The fraction of neutralino mass converted into electromagnetic energy per decay is given as the product of the branching ratio Br( χ 1 → Ψ 3/2 + γ) and the energy fraction carried by the photon which is determined by two-body kinematics. We find
Below the Z-boson threshold, we expect Br( χ 1 → Ψ 3/2 + γ) 1.
Primordial nucleosynthesis During BBN light nuclei like Helium are synthesized in the primordial plasma. Occurring at cosmic times between 1 s and 10 3 s BBN provides the deepest insight into the early universe. The predicted abundances are in convincing agreement with observations today [15] . An energetic particle injected into the plasma even after BBN can disrupt the formerly build nuclei, spoiling the success of BBN. Therefore, the requirement of successful BBN leads to stringent bounds on the freeze-out energy density of late-decaying 2 × ∆em depending on the time of decay τ as arising from BBN (solid), CMB spectral distortions (dashed) and the ionization history of the universe as observable in the CMB (dash-dotted). The area above the curves is considered as excluded.
particles even if they decay long after the synthesis has ended. We adopt bounds determined in [16] (see references therein and [17] for earlier work on BBN bounds). In Fig. 1 the bound on the electromagnetically interacting energy density injected into the plasma is depicted as solid line.
Cosmic microwave background For the lifetimes under consideration the emission of particles with SM interactions leads to spectral distortions of the CMB, because the photons do no longer thermalize completely. Updating the analysis of [18] by taking into account the current limits, obtained by COBE FIRAS, on the chemical potential |µ| < 9 × 10 −5 = µ max and the Compton-y parameter y < 1.5 × 10 −5 = y max [13, 19] we find
where t µ 6.91×10 6 s (1−Y p /2) 4/5 = 6.2×10 6 s denotes the timescale of thermalization in the universe at that epoch with its largest uncertainty inherited from the error in the primordial Helium abundance Y p 0.249. We find that this error is completely negligible and insert PDG mean values [15] throughout. In Fig. 1 the corresponding bound is depicted as dashed line. For times earlier than t µ we replace e (tµ/τ ) 5/4 → 0.48(τ /t µ ) 10/18 e 1.99(tµ/τ ) 10/18 following [20] . For times τ 9 × 10 9 s a Bose-Einstein spectrum is established by elastic Compton scattering. For any point in Fig. 1 the number of injected photons is negligible relative to the number of background photons and their energy density is small compared to the energy density of background photons ρ γ . Then the induced chemical potential is proportional to the injected energy density, 1.40µ = ∆ em ρ χ /ρ γ . For later times the spectrum can be described by the Compton-y parameter, which is induced as ∆ em ρ χ /ρ γ = 4y. In this regime one has to replace µ max → (4/1.4) y max in (4). The jump in the bound due to this change in the description of the spectrum with the corresponding constraints is easily identified at the corresponding time. At 2.6 × 10 10 s the bound from CMB spectral distortions becomes tighter than the BBN bound. 
Figure 2: Constraints on the freeze-out density of a neutralino NLSP for different values of the photino fraction
The neutralino mass is set to mχ = 100 GeV.
The injection of particles with SM interactions may change the ionisation history of the Universe, which can leave observable consequences in the CMB (see e.g. [21] ). Besides the dependence on τ , bounds differ for different decay products [22] . In Fig. 1 we depict the bound applying to our case, i.e. photons emitted with energies of some tens of GeV, as dash-dotted line. 2 We see that it serves as a sharp cut at a lifetime τ = 3 × 10 11 s.
Constraint on the neutralino freeze-out density
In Fig. 2 we depict the resulting BBN + CMB constraints on the neutralino freeze-out density for different choices of the photino fraction. For the gravitino masses depicted, the neutralino lifetime is τ > 10 7 s. In this regime the BBN constraint on Ω χ h 2 × ∆ em remains almost constant. As the amount of energy carried away by the gravitino grows with increasing m 3/2 , the bound on Ω χ h 2 becomes weaker for larger m 3/2 . But for very long neutralino lifetimes, the CMB constraints jump in, leading to the sharp decrease at m 3/2 ∼ 0.8 . . . 0.9 m χ . 3 The weakest bound on Ω χ h 2 -corresponding to the maxima in Fig. 2 -is obtained for the lifetime Γ −1 χ = 2.6 × 10 10 s where the bounds from BBN and CMB spectral distortions intersect. The gravitino mass corresponding to this lifetime can be obtained by inverting (2)
By use of (3) and the bound from Fig. 1 , we find that the corresponding limit on the freeze-out density reads
If one imposes this requirement, one can be sure that the neutralino NLSP does not spoil cosmological observations at least for some range of weak scale gravitino masses.
We have concentrated so far on the case where only the electromagnetic decay of the lightest neutralino is kinematically accessible. One might speculate that the constraints can be relaxed if further decay modes like χ 1 → Ψ 3/2 + Z open up. In this case, a significant energy fraction would be induced in form of quark pairs arising from Z boson decay. However, the emission of hadronically interacting particles always induces the emission of electromagnetically interacting secondaries like photons or electrons, for example, from pion decay. Therefore, the bounds on hadronically interacting and electromagnetically interacting decay products are very similar for τ > 10 7 s. For lifetimes τ < 10 7 s, the electromagnetic bounds get significantly weaker. But in order to realize such short lifetimes a large mass splitting m χ −m 3/2 is required and, in this case, the hadronic branching ratio is always sizeable. Other than the electromagnetic constraints, the hadronic BBN constraints are very tight also for NLSP lifetimes τ < 10 7 s. In order to evade the hadronic constraints, τ < 10 4 s is required corresponding to m 3/2 = O(GeV) [24] . 4 Such low gravitino masses are incompatible with gravity-mediated SUSY breaking and, in addition, would reintroduce the gravitino problem through thermal gravitino overproduction. They shall not be considered here.
For gravitino masses as expected in gravity mediation, the cosmological constraints can thus not be considerably relaxed even if further decay modes of the neutralino open up. The weakest constraint on Ω χ h 2 is obtained if the neutralino and gravitino are close in mass, but still sufficiently apart to avoid the CMB constraints, as described above. This situation lead to (6) which we will take as the relevant constraint in the following.
Implications for the annihilation cross section
The freeze-out density of the neutralino NLSP can be obtained by solving the corresponding Boltzmann equations. For this purpose -as the neutralino decays long after its decoupling from thermal equilibrium -it can be treated as a stable particle. We find
where we have defined
with σv denoting the thermally averaged annihilation cross section and T F the freeze-out temperature. If σv is temperature-independent, we can replace σ by σv in (7) as frequently done in the literature. Taking into account that for Ω χ h 2 = O(10 −4 ), the freeze-out temperature can be estimated as T F = m χ /30, we can directly translate the constraint (6) into a limit on the annihilation cross section
We would like to recall that the dominant velocity-independent contribution to the cross section can be written in the form σ =
, where g eff denotes an effective coupling, while F is a dimensionless function of the relevant particle masses -for massless intermediate and final
states F = 1. Therefore, (9) can only be satisfied for very large effective couplings g eff > 1 and/ or for F > 1 which in turn requires resonant enhancement.
A solution to the gravitino problem in the NMSSM
Since the discovery of the Higgs boson at the LHC, singlet extensions of the MSSM have received particular attention due to their ability to increase the tree-level Higgs mass beyond M Z . In order to affect the Higgs mass considerably, a sufficiently large coupling λ between the MSSM Higgs fields and the singlet is required. We shall now discuss the relevant annihilation processes of a long-lived neutralino NLSP which are driven by this coupling. In particular, we are going to identify regions in the NMSSM parameter space which are consistent with weak scale gravitino dark matter, i.e. which satisfy the constraint (6) .
Scenarios to obtain a suppressed freeze-out density of a general NLSP have been discussed in the context of the MSSM. These include the case of a neutralino NLSP with resonant annihilation [24] or coannihilations [25] , a stau NLSP with an enhanced coupling to Higgs bosons [26, 27] and a stop NLSP [28, 29] . Alternatively, the NLSP density can be diluted by entropy production after its freeze-out [30] , implying a non-standard expansion history of the universe observable in the primordial gravitational wave background [31] . While these possibilities also exist within the NMSSM, we will focus here on the NMSSM specific solution to the gravitino problem.
Neutralinos and Higgs bosons in the NMSSM
We consider the simplest Z 3 -symmetric version of the NMSSM which is defined by the superpotential
The Z 3 should only be an approximate symmetry, otherwise its breaking at the electroweak scale would induce disastrous domain walls [32] . But we restrict our attention to the case, where the Z 3 -breaking effects are sufficiently suppressed and do not play a role for phenomenology (see discussion in [33] ). The soft terms corresponding to the superpotential above read
We have denoted superfields and their scalar components by capital and small letters, respectively. The lightest neutralino, which is the NLSP in our scenario, is a linear combination of the singlet fermion (singlino) s as well as the higgsinos h d,u and gauginos B, W :
The coefficients N 1i can be determined by diagonalizing the neutralino mass matrix which can be found in Appendix A.1. The photino component, which is important for the neutralino lifetime, is given as
with θ W denoting the Weinberg angle. Turning to the Higgs sector, we use the basis (a, a s ) for the pseudoscalar Higgs fields, where a and a s denote the MSSM and singlet pseudoscalar, respectively. The corresponding mass matrix is given in Appendix A.2. For the CP even Higgs bosons, it is instructive to define the
Here v 174 GeV and tan β = v u /v d . In this basis the Higgs couplings have a simple form: h couples to gauge bosons and fermions exactly as the SM Higgs, while H does not couple to gauge bosons and its couplings to down-type (up-type) fermions include a factor tan β (cot β) compared to the SM Higgs [34] . The mass matrix in this basis can be found in Appendix A.2. The mass eigenstates, obtained from diagonalizing the Higgs mass matrices, shall be denoted by h 1,2,3 and a 1,2 ordered as usual by their mass.
Constraint from perturbativity
It has been pointed out that there arises an upper bound on the couplings λ and κ if one requires the NMSSM to remain perturbative up to the GUT scale [35, 36] . Neglecting a slight dependence on the superpartner spectrum 5 , we approximate
The above estimate holds to the accuracy of a few per cent for tan β 1.3. This is sufficient for our purposes as thresholds effects and higher order corrections are expected to affect the constraint at this level of precision. At tan β 1.3 the top Yukawa coupling y t becomes nonperturbative below the GUT scale independent of λ and κ. Therefore we restrict our attention to tan β > 1.3. Several possibilities to circumvent the perturbativity constraint have been discussed in the literature [40] [41] [42] [43] . In particular, the RGE running of λ can be affected by the inclusion of extra matter below the GUT scale. To keep the model minimal we will, nevertheless, apply (15) and -if relevant -point out the consequences of dropping this constraint.
Efficient neutralino annihilation in the NMSSM
Let us now turn to the relevant annihilation processes of the lightest neutralino in the NMSSM. In order to be consistent with gravitino dark matter, the neutralino freeze-out density must be suppressed by very efficient pair-annihilation processes. Indeed, by inspecting (9), one can already deduce that couplings larger than unity are required to satisfy the cosmological bound -unless in the case of a resonance.
In the MSSM, even a wino does not have a sufficiently large annihilation cross section to be consistent with (6) [24] . While in the NMSSM, λ can be somewhat larger than g 2 , the perturbativity bound prevents us from obtaining λ > 1. If we restrict λ to the allowed range, some resonant enhancement is still required.
We focus on processes involving a pseudoscalar in the s-channel as annihilation via CP even scalars is velocity-suppressed. The largest cross section can be obtained for the process In our parameter scans which follow later on, we did not impose this annihilation channel to dominate. Nevertheless, we find that whenever a sufficiently low neutralino freeze-out density is obtained, it is virtually always induced by the process above. This implies that the lightest neutralino is very likely to be heavier than the top quark in this scenario. In principle, the trilinear soft term λA λ could also drive efficient annihilation into Higgs or Z bosons. 6 But a too large A λ is excluded as it would decrease the mass of the SM-like Higgs via singletdoublet mixing. In addition, it would lead to a decoupling of the MSSM-like pseudoscalar. Mainly below the top threshold, we still find corners in the NMSSM parameter space with Ω χ h 2 < 10 −4 via annihilation into Higgs / Z bosons. But we will now concentrate on the case with top quarks in the final state which appears much more frequently.
In order to determine the neutralino freeze-out density we use NMSSMTools 3.2.3 [37] [38] [39] interfaced with micrOMEGAs 2.2 [44] which performs a full numerical solution to the Boltzmann equation. Still, it is instructive to gain also some analytic understanding of the dependence of Ω χ h 2 on the NMSSM parameters. Closed expressions for the cross section σ in the vicinity of the pseudoscalar resonance can only be obtained under simplifying assumptions: one has to neglect either the width of the resonance (narrow width approximation) or the kinetic energy of the WIMPs (broad width approximation). Unfortunately, as the width of the MSSM pseudoscalar is neither very large nor very small, none of the two limits is strictly applicable. Still, we find that a reasonable estimate can be obtained by using the broad width approximation for m a < 2 m χ and the narrow width approximation in the opposite regime. Using this approach, we obtain
where we have neglected the mixing of the MSSM pseudoscalar with the singlet. Here erfc denotes the complementary error function and Γ a the pseudoscalar decay width which is given as where we considered only the dominant decay mode a →tt. The coupling between the lightest neutralino and the MSSM pseudoscalar reads [33] 
We would like to point out that in the NMSSM this coupling can be considerably stronger than in the MSSM. This is due to the appearance of an additional factor √ 2 in front of λ and due to the fact that λ can be larger than the gauge couplings g 1 and g 2 . In gravity mediation, one expects the bino to be lighter than the wino due to gaugino mass unification at the high scale, which further suppresses g aχχ in the MSSM. If we require gaugino mass unification, the maximal g aχχ in the NMSSM is a factor √ 2λ/g 1 larger than in the MSSM. 7 For λ 0.7 this corresponds to a factor ∼ 3 in the coupling which translates into an enhancement of the annihilation cross section by almost one order of magnitude. In this sense, the situation in the NMSSM is more favorable than in the MSSM as one needs considerably less tuning of m a in order to suppress the freeze-out density.
In Fig. 4 , we depict the neutralino freeze-out density as a function of m a 2 , where a 2 is the MSSM-like pseudoscalar in this case. We have chosen λ 2κ as the coupling g aχχ is driven by singlino-higgsino mixing. It is thus preferential to have h and s at a similar mass in order to maximize the product N 14 N 15 .
It can be seen that Ω χ h 2 = O(10 −4 ) can indeed be realized with mild tuning of m a 2 at the level of 10%. In the vicinity of the resonance, the analytic formulas presented above agree qualitatively with the numerical result obtained with micrOMEGAs. The narrow width approximation, however, already breaks down for m a more than ∼ 5% away from the pole.
Gravitino problem vs Higgs mass
In the last section we have described a mechanism to suppress the neutralino freeze-out density so strongly that its late decay into the gravitino does not spoil cosmological observations. The virtue of this scenario is that the coupling λ, which is responsible for the efficient neutralino annihilation, at the same time induces a new tree-level contribution to the mass of the SM-like Higgs.
We wish to recall that the singlet-induced contribution to the Higgs mass is not always positive. There may arise large off-diagonal entries in the
where we neglected terms which are subleading in the parameter region we are interested in. The second term on the right-hand side arises due to the enhanced quartic Higgs coupling in the NMSSM. The last term accounts for the reduction of m h 1 by mixing. While one could expect that a large singlet self-coupling κ would efficiently reduce the mixing, the combination λ 2 + κ 2 is constrained by the perturbativity bound (15) . The more one increases κ, the smaller λ has to be and the smaller becomes the positive contribution λ 2 v 2 sin 2 2β to the Higgs mass. As in the MSSM, the Higgs mass receives additional loop contributions mainly from the top/stop sector. To be better off than in the MSSM, we should at least require that m h 1 > 95 GeV at tree-level. Otherwise, we would loose the main motivation to study the NMSSM. At the same time, if we want to solve the gravitino problem in the NMSSM, this sets an additional constraint. In order to realize a sufficiently low neutralino freeze-out density, annihilation in the vicinity of the pseudoscalar resonance is required, i.e. m a /2 ∼ m χ < |µ|. This implies that
If we additionally impose the perturbativity bound (15), then a tree-level Higgs mass m h 1 > 95 GeV requires tan β < 1.9 .
As the production cross sections of the (heavier) Higgs bosons are very sensitive to tan β this will have important consequences for Higgs searches at the LHC.
In Fig. 5 , we provide a parameter scan in the NMSSM which shows the regions consistent with weak scale gravitino dark matter, i.e. with the bound (6), as well as with the observed Higgs mass. Note that we have chosen the stop masses such that m h 1 = 126 GeV requires a tree-level contribution larger than M Z . In the parameter space where both regions overlap we, thus, simultaneously obtain a solution to the gravitino problem and an enhancement of the tree-level Higgs mass.
If we increase the value of tan β compared to Fig. 5 , the blue and orange regions start moving apart. Consistent with our considerations above, the overlap vanishes for tan β 1.9. This observation holds independent of the neutralino mass considered. (15) with the ratio κ/λ as shown on the y-axis. For each value of the couplings, the effective µ-term is adjusted such that mχ remains fixed at 200 GeV. The sfermion masses are set to m0 = 2 TeV, the stop trilinear couplings to At = −2 TeV and the bino mass to M1 = 350 GeV. The remaining gaugino masses are fixed by assuming gaugino mass unification at the high scale.
Implications for Higgs searches at the LHC
In this section we shall study the collider implications of the NMSSM with a gravitino LSP. The efficient neutralino annihilation required in this scenario narrows the viable parameter space of the model. It is to clarify, whether any robust predictions arise.
Due to the enhanced tree-level Higgs mass, the NMSSM is consistent with relatively light superpartner spectra. Searches for supersymmetry at LHC-14 therefore look particular promising. We refrain from considering these searches in detail, as they are subject to a strong model-dependence. In particular, they are very sensitive to the masses of the colored sparticles which are otherwise not important for the scenario described here. Direct searches for neutralinos /charginos in the leptonic channels have not yet reached the sensitivity to probe lightest neutralino masses above 100 GeV unless additional light sleptons appear in the decay chains [45] .
On the other hand, clear predictions concerning the Higgs sector of the NMSSM can be made. Therefore, we focus on Higgs searches at the LHC. While the decay rates of the new boson observed at m h = 126GeV are in good agreement with the Standard Model expectations, they still leave considerable room for new physics. We will study, whether the NMSSM with a gravitino LSP predicts any deviations from the branching fractions of the SM Higgs. The LHC has also performed various searches, aiming to probe the existence of an extended Higgs sector. We are going to investigate the existing constraints as well as the the most promising search strategies for the singlet-like and heavy Higgs bosons.
Analysis procedure
Our analysis aims at identifying correlations between the proposed solution to the gravitino problem and Higgs physics at the LHC. In order to search for generic predictions, we have created a benchmark sample of NMSSM points consistent with a gravitino LSP. We restrict our attention to the case where h 1 is the SM-like Higgs. The case of a SM-like h 2 is tightly constrained by LEP and gives rise to a qualitatively different phenomenology. It is, therefore, left for future work.
For the benchmark sample, the input parameters at the low scale were chosen randomly within the intervals 
where we traded A λ against m a as input parameter (cf. (28)). The remaining gaugino masses are determined by gaugino mass unification at the high scale which implies M 1 : M 2 : M 3 = 1 : 2 : 6. The sfermion masses and trilinear couplings were fixed as m 0 = A 0 = 1.5 TeV.
The resulting particle spectrum, Higgs decay rates and the neutralino freeze-out density were determined with NMSSMTools. We have applied the following constraints
• consistency with a gravitino LSP, i.e. Ω χ h 2 satisfies (6),
• λ, κ satisfy the perturbativity bound (15),
• constraints from flavor/ precision observables. 9 A rather loose bound on the Higgs mass was chosen as one can easily change m h 1 by a few GeV through varying A 0 and m 0 within a reasonable range. This would otherwise not affect the scenario. The constraint on m a 1 was applied to avoid the decay h 1 → a 1 a 1 which would otherwise upset the Higgs branching ratios.
Branching Ratios of the SM-like Higgs
To study the decay rates of h 1 , which we assume to be the state observed by ATLAS and CMS, it is instructive to use the basis (H, h, h s ) introduced in section 3.1 (see Appendix A.2 for the mass matrix in this basis). To be consistent with the observed decay pattern of the Higgs, the state h 1 should be dominated by h which couples to SM matter exactly as the SM Higgs. Mixing with the singlet and the heavy doublet Higgs tends to suppress the interactions of h 1 with W, Z bosons and up-type fermions. Depending on the relative sign of the h and H components in h 1 , the coupling to down-type fermions can be enhanced or suppressed compared to the SM. Note that this is due to the tan β-enhanced coupling of H to down-type fermions. The singlet Higgs h s couples to charginos with the full strength of λ giving rise to a loop-induced coupling to photons. Therefore, the singlet component can increase the partial width of h 1 into photon pairs [46] . The signal strength of the Higgs µ xx obtained by combining the LHC and Tevatron searches in various channels can be found in Tab. 1. Here we defined
9 Concerning flavor/ precision observables we apply the constraints implemented in NMSSMTools. as the product of production cross section σ h and branching ratio Br(h → xx) normalized to the corresponding SM quantities. Within experimental errors, the measured signal strengths are in good agreement with the SM predictions.
In Fig. 6 , we depict the distribution of Higgs signal strength obtained in our benchmark sample. 10 It can be seen that for all benchmark points µ xx is very close to the SM prediction which implies that h 1 is always strongly dominated by its SM component. Singlet-doublet mixing is suppressed as it would reduce the mass of h 1 . Further, efficient neutralino annihilation typically requires m H ∼ m a > 2 m t (see section 3.3) implying the decoupling of the heavier MSSM scalar. As a general trend, the signal strength is very slightly reduced in the ZZ/W W and τ + τ − -channels which results from a smaller production cross section. In the γγ-channel, there is a competing effect from the enhanced partial decay rate arising from the chargino-loop. The overall signal strength µ γγ can be either reduced or enhanced.
Even at LHC-14, it will be very challenging to distinguish h 1 from the SM Higgs as its signal strength deviates by at most 5% from the SM in all channels. We find that if we drop the requirement of gaugino mass unification, an enhancement of µ γγ by ∼ 10% can be achieved for a relatively light wino, similar as in [48] . Note also, that if we drop the perturbativity bound (15), larger deviations from the SM branching ratios occur. 11 The most promising observable in the scenario discussed here is the ratio µ ZZ /µ γγ which factors out uncertainties in the Higgs production cross section and is always enhanced compared to the SM. 10 The distribution in thebb-channel is not shown separately, it resembles the distribution in the τ + τ − -channel. 11 For λ 0.8 Landau poles in the RGE running of λ can still be avoided by the inclusion of extra matter in complete SU(5) multiplets [40] . We find that for this case deviations of the signal strengths at the level of O(10 − 20%) can occur. 
Searches for Higgs bosons
The possibility to probe the extended Higgs sector of the NMSSM has recently been discussed by various authors [49] [50] [51] [52] [53] . In this work, we consider a specific region of the NMSSM parameter space where the neutralino undergoes very efficient pair-annihilations. This allows us to narrow down the promising search channels compared to the general NMSSM. We will first turn to the MSSM-like Higgs bosons and then discuss the singlet-like states.
In the MSSM, the production of the heavy Higgs bosons is typically suppressed. Their coupling to top quarks is reduced by a factor of tan β, rendering the gluon fusion of H and a less efficient. Sizeable cross sections can only be obtained at large tan β where Higgs production in bottom quark fusion and gluon fusion via a bottom-loop becomes efficient. The production cross section σ a of a MSSM-like pseudoscalar as a function of tan β is depicted in Fig. 7 . Here we have used the tools HIGLU [54] and bbh@nnlo [55] to determine the dominant contributions to σ a at next-to-next-to-leading order. 12 The production cross section σ H for the CP even Higgs is slightly smaller than σ a , but has a similar scaling with respect to tan β.
In the regime of large tan β, strong lower bounds on the mass of the MSSM pseudoscalar arise from searches for τ + τ − final states performed by ATLAS and CMS [56, 57] . The constraints become considerably weaker at intermediate values of tan β ∼ 10 where the cross section σ a has a minimum. Small values of tan β can hardly be accessed in the MSSM due to the constraints on the light Higgs mass.
Turning to the NMSSM, the window at low tan β is reopened due to the new tree-level contributions to m h 1 . If we require the NMSSM to be consistent with a gravitino LSP we even found an upper limit tan β < 1.9 (see section 3.4). This implies that the production cross sections σ a,H are expected to be quite sizeable. At low tan β, the heavy Higgs bosons would -if kinematically allowed -dominantly decay into top-pairs rather than down-type fermions. The Higgs groups of ATLAS and CMS have not yet performed a dedicated search for Higgs bosons with subsequent decay to top quarks. However, the Exotics (ATLAS) and B2G (CMS) groups have recently provided constraints on the production cross section of general top-top resonances [58, 59] which are also applicable to the case of a Higgs boson (see also [60, 61] ). In our benchmark sample, a 2 and h 3 are the heavy MSSM-like Higgs fields. Mixing effects with the singlet states are typically suppressed. As a 2 and h 3 are usually very close in mass, they cannot be resolved as single particles in a low resolution channel likett and contribute to the same resonance. We have used HIGLU and bbh@nnlo to calculate the production cross sections σ a 2 and σ h 3 with the effective couplings taken from NMSSMTools. Decay rates were also determined with NMSSMTools. In Fig. 8 , we depict the heavy Higgs production cross section times branching ratio into top quarks at √ s = 8 TeV and √ s = 14 TeV, where we performed the sum over the contributions from a 2 and h 3 . In the left panel, we have also depicted the best current limit from CMS [59] . In the right panel we provide the estimated sensitivity of LHC-14 at 200 fb −1 . This estimate was obtained from the ATLAS projected sensitivity to top-top resonances at √ s = 10 TeV [62] by a simple rescaling. 13 Invariant masses m tt < 500 of the top-top system are not covered in [62] and we assumed a scaling of the sensitivity with 1/m 2 tt as suggested in [61] . It can be seen that all benchmark points are very close to the current limit on top-top resonances. Some of the parameter points at m a 2 ∼ 400GeV could already be tested if CMS would extend its analysis range to lower masses. The prospects for the detection of the heavy Higgs bosons at LHC-14 are very promising: the entire parameter space spanned by the benchmark sample will be probed. This prediction is a direct consequence of requiring the NMSSM to be consistent with gravitino dark matter. It follows from the low tan β required in this scenario (see section 3.4) and holds unless for very large masses m a 2 1 TeV. We excluded such large m a 2 in our benchmark sample as they would correspond to µ 500 GeV which is disfavored by electroweak naturalness. A few benchmark points around or below the top threshold cannot be tested in thett-channel. These parameter points do not escape detection, they will be probed in the τ + τ − or -as we shall see 13 In [62] the ATLAS sensitivity to top-top resonances was estimated for a center-of-mass energy of 10 TeV and a luminosity of 200 pb −1 . To correct for the change in center of mass energy and luminosity we have multiplied the estimated sensitivity by 2/1000. The factor 2 accounts for the cross section of the dominant background processes being enhanced by a factor ∼ 2 if one raises the center-of-mass energy from 10 to 14 TeV. The factor 1000 arises as we assumed a luminosity of 200 fb −1 compared to 200 pb −1 in [62] .
-in the γγ-channel. 14 Turning to the singlet-like states h 2 and a 1 , their production cross section is generically suppressed. At tree-level, they only couple to SM matter via their subleading doublet components. The γγ-channel is most promising in the search for the singlet-like states. In particular, the pseudoscalar a 1 typically has a large branching ratio into photons. This decay mode is mediated by higgsinos in the loop which couple to a 1 with the full strength of λ. Indeed, it can be of similar magnitude as the competing decay mode intobb-pairs. The latter is a tree-level process, but it is suppressed by the small mixing angle between singlet and doublet pseudoscalar. The heavy MSSM-like Higgs fields can also be searched for in the γγ-channel. However, only iftt final states are kinematically inaccessible, the branching fraction into photon pairs is sufficiently large to be detectable.
To summarize, the singlet-like pseudoscalar a 1 has a large branching fraction into photons but its production cross section is suppressed. For the heavy MSSM-like states, the situation is exactly opposite. This suggests to look for the indirect production of a 1 via decay of the heavier Higgs fields with the subsequent decay of a 1 into photons. Possible decay sequences driven by the couplings λ and κ include
If these processes are kinematically allowed the branching ratios Br(h 3 , a 2 → a 1 + X) with arbitrary X typically reach 1-10%. Therefore, the indirect production of a 1 can be much more efficient than the direct production and could give rise to a feature in the diphoton invariant mass distribution. In Fig. 9 we provide the cross section times diphoton branching fraction for both pseudoscalars in our benchmark sample (at √ s = 8 TeV and √ s = 14 TeV). For the singlet-like state a 1 we separately depict the cases with and without taking into account the indirect production via heavy Higgs decays. Also shown are the current constraints in the γγ-channel from the CMS MVA analysis [63] and the LHC-14 projected sensitivity [64] . In the regime of invariant masses m γγ > 150 GeV not covered in [64] , we assumed a scaling of the sensitivity with 1/m 2 γγ . 15 Considering only the direct production of a 1 via gluon fusion, it would be difficult to find a signal for the singlet-like pseudoscalar -even at LHC-14. If we include its indirect production by heavy Higgs decay, the chances to observe an excess in the γγ-channel are considerably larger, especially if m a 1 ≤ 200 GeV. We should note that the LHC-8 limit / LHC-14 projected sensitivity is not strictly applicable if a 1 is produced by decays as this would affect the kinematics and event characteristics. Indeed, one might even be able to increase the sensitivity to such events by triggering on additional decay products obtained in the decays (24) like additionalbb or lepton pairs.
Let us mention that if, by chance, m a 1 = 122 − 128 GeV, the diphoton decay of a 1 could be misidentified as part of the SM Higgs signal. This could fake an enhancement of the branching ratio µ γγ [67] .
Turning to the MSSM-like pseudoscalar, we find that the benchmark points with m a 2 < and the singlet-like pseudoscalar a1 (green points) in our benchmark sample at LHC-8 (left panel) and LHC-14 (right panel). The dark green points refer to the case, where only the direct production of a1 is considered, while the light green points refer to the case where also the indirect production of a1 via decay of the heavier Higgs bosons is taken into account. For comparison, the cross section times diphoton decay rate of a Standard Model Higgs is also shown (gray dashed contour). The current limit in the γγ-channel from the CMS MVA analysis is indicated by the red solid line (left panel), the expected sensitivity of LHC-14 at 200 fb −1 by the red dash-dotted line (right panel). The shaded band shows the mass range, in which the diphoton decay of a1 would be misidentified as part of the SM Higgs signal.
Conclusion
We have presented a scenario with weak-scale gravitino dark matter in the simplest NMSSM model with soft parameters arising from gravity-mediated supersymmetry breaking, including gaugino mass unification. We exploited the coupling λ to enhance the tree-level Higgs mass such that the required loop corrections are achieved with superpartner masses that remain in the TeV regime. Simultaneously, the same coupling gives rise to very efficient annihilation of a mixed higgsino/singlino NLSP via the λSH u H d term in the superpotential. The dominant process is s-channel pair-annihilation via a pseudoscalar into a pair of top quarks as shown in Fig. 3 . Analytic approximations for the corresponding annihilation cross section (16) are provided. If the pseudoscalar mass falls in the vicinity of the resonance -requiring a relatively mild tuning at the level of 10%-the neutralino density at freeze-out is sufficiently suppressed to satisfy the severe cosmological bounds even for lifetimes as large as τ ∼ 10 10 s. For the case under study we could cast these bounds in a surprisingly simple form (6) . Thermally produced gravitinos account for the observed dark matter in the universe whereby in our scenario the required reheating temperature is sufficiently high to produce the visible matter in the universe via standard thermal leptogenesis.
Our scenario constraints the NMSSM parameters, cf. Fig. 5 , and 1.3 < tan β 1.9 which allowed us to identify the decisive search channels at the LHC. In parts of the parameter space a singlet-like pseudoscalar is within reach in the diphoton channel at LHC-14. Most importantly, our scenario predicts the existence of a pseudoscalar Higgs with dominant decay into top quarks. This state virtually always has a production cross section sufficiently large to be detected in the upcoming searches for top-top resonances at LHC-14. If its mass is below the top threshold, its existence will be tested in the diphoton channel. Taken together, we obtain our key finding: the NMSSM with gravitino dark matter and sparticle masses from ordinary gravity mediation can be tested at LHC-14.
Altogether, we have found a fascinating example for the interplay between cosmology and collider physics. In a theory motivated by simplicity and the recent discovery of the Higgs boson, the gravitino forms the observed dark matter in the universe and a consistent cosmology becomes possible. We find it remarkable that even though the gravitino evades any direct detection, our scenario is completely testable at the LHC via its implications on the Higgs sector. By taking the cosmology of our universe into account, falsifiable predictions for the LHC became feasible. 
